The citrus leafminer (CLM) Phyllocnistis citrella Stainton (Lepidoptera: Gracillariidae) was first recorded in Brazil in 1996. In 1998, the parasitoid Ageniaspis citricola Logvinovskaya (Hymenoptera: Encyrtidae) was introduced and established in many regions of the country. In this study, 130 onehour-samplings of sweet orange leaves (Citrus sinensis [L.] Osbeck) hosting CLM pupal chambers were carried out to estimate the CLM parasitism rate 
The citrus leafminer (CLM) Phyllocnistis citrella Stainton (Lepidoptera: Gracillariidae) was first recorded in Brazil in March 1996 in São Paulo State (Prates et al. 1996) . Larvae of P. citrella may reduce the foliar area by compromising new leaf growth and by reduced photosynthesis in the damaged leaves (Schaffer et al. 1997) . Necrosis and defoliation also are induced by the larvae, thus hindering plant development, particularly in younger plants. In addition to the direct damage, the presence of the CLM may facilitate the incidence and increase the severity of citrus canker, a disease caused by the bacterium Xanthomonas citri subsp. citri (Xanthomonadales: Xanthomonadaceae) (Chagas et al. 2001; Jesus Jr. et al. 2006; Hall et al. 2010) .
Hymenoptera of the genera Galeopsomyia, Cirrospilus (Eulophidae), Elasmus (Elasmidae), Pachyneuron (Pteromalidae), and Telenomus (Scelionidae) were the first CLM parasitoids identified in citrus groves in Brazil (Penteado-Dias et al. 1997) . Other parasitoids were subsequently reported, including Horismenus spp. (Eulophidae), Eupelmus sp. (Eupelmidae), and Conura sp. (Chalcididae) (Costa et al. 1999) . After the introduction of CLM in the Americas, 3 new species belonging to the Eulophidae family were described: Cirrospilus floridensis Evans, Cirrospilus neotropicus Diez and Fidalgo, and Galeopsomyia fausta LaSalle (LaSalle & Peña 1997; Evans 1999; Diez & Fidalgo 2003) . All 3 species occur in Brazil and were found to be the most frequent parasitoids in São Paulo from 1997 to 1999, particularly the eulophid G. fausta (Paiva et al. 2000; Sá et al. 2000) .
In 1998, the encyrtid Ageniaspis citricola Logvinovskaya (Hymenoptera: Encyrtidae) was introduced in Brazil, as part of a classical biologi-cal control program. This species was soon established in several Brazilian states (São Paulo, Paraná, Minas Gerais, Rio Grande do Sul, Santa Catarina, Goiás, Bahia, Rio de Janeiro, Piauí, and Rio Grande do Norte) (Chagas et al. 2002; Parra et al. 2004) . It became the most common CLM parasitoid, with native parasitoids occurring at lower levels (Sá et al. 2000) . The estimated A. citricola parasitism was approximately 30% in post-release samples (1998) (1999) (2000) (Chagas et al. 2002) .
The combination of the damage caused by CLM and the occurrence of citrus canker highlighted the importance of the management and control of this insect, which generally involves only chemical control in nurseries and young trees. The use of cupric bactericides to prevent the occurrence of canker and insecticides for leafminer control became usual in endemic areas. However, the use of insecticides for CLM control has been incompatible to its biological control efforts in many cases (Villanueva-Jiménez & Hoy 1998; Villanueva-Jiménez et al. 2000) .
In Brazil, the use of insecticides in citrus groves increased dramatically after Huanglongbing (HLB) was found in 2004, as part of the HLB mitigation, aimed at controlling the insect vector Diaphorina citri Kuwayama (Hemiptera: Liviidae), and,we hypothesized that this could strongly affect the CLM parasitism. From 2003 to 2008, the use of insecticides in citrus, mainly in São Paulo State, increased 6-fold (Neves et al. 2010) . In this scenario, the aims of this study were (i) to estimate the CLM parasitism by A. citricola and native parasitoids in citrus-growing regions of São Paulo State (northern, northeastern, central, western, and southern) between 2000 and 2008, and (ii) to compare how 2 periods, i.e., prior to HLB with lower number of insecticide sprays and after HLB with higher number of sprays, affected CLM parasitism. (Tables 1 and 2 ). The leaves with intact CLM pupal chambers were collected in a random sampling during 60 min in 4 ha orange groves. According to the availability of infested leaves, we obtained samples with an average of 65 (10 to 275) pupal chambers.
Materials and Methods
The parasitism rate was obtained from each sample, despite the variable sample size. The leaves were collected and stored in plastic bags with 4 holes (DAC® 25 ´ 36 cm) containing wet cotton to prevent the desiccation of the leaves and pupae. The leaves were then transferred to the laboratory on the same day of sampling for parasitoid identification and parasitism rate estimation. The pupal chambers were opened, and the pupae found were separated for identification. The identification of P. citrella, A. citricola, and G. fausta was possible from the pupal morphology. The pupae of other species were transferred to properly closed Petri dishes with moist filter paper until adult emergence. The emerged parasitoids were identified by comparison with reference collections and with keys proposed by Penteado-Dias et al. (1997) and Schauff et al. (1998) . The parasitism rate was calculated as the proportion (percentage) of pupal chambers with the presence of parasitoid related to the pupal chamber inspected.
These orange groves were rarely sprayed with insecticides before 2004-if needed, only once a year with petroleum oil or dimethoate. After 2005, insecticide use was intensified, from 12 to 24 times a year, to suppress HLB vector D. citri, using different materials (i.e., beta-cyfluthrin, bifenthrin, chlorpyrifos, cypermethrin, dimethoate, fenpropathrin, phosmet, imidacloprid, pyriproxifen, thiamethoxam).
The data were organized by region and season: Jan to Mar (summer), Apr to Jun (fall), Jul to Sep (winter), and Oct to Dec (spring). Data (parasitism rates) were transformed by arcsine (sqrt (x+100) and compared using analysis of variance with the F test (P < 0.05).
Results
Of the 130 samplings, A. citricola was found in 119 (91.5%), and native parasitoids were recorded in 45 (34.6%). The most frequent native parasitoid was the eulophid G. fausta, which was present in 44 samples (33.8%). Cirrospilus sp., another eulophid, occurred in 17 samples (13.1%). The parasitoid Elasmus sp. was the rarest and was present in only 2 samples (1.5%).
Because only 1 sample was obtained in 2002, this rate was not included in Fig. 2 . The lowest CLM parasitism rates by A. citricola were estimated for 2000 and 2007, when few samples were obtained. In 2000, the parasitism rate was 21.0 ± 16.7% (mean ± SEM; n = 4), and in 2007 it was 24.9 ± 10.0% (n = 6) ( Fig. 2) . In the other 6 years, the annual CLM parasitism rates ranged from 49.7 ± 7.7% in 2003 to 63.5 ± 5.7% in 2005 (Fig. 2) . Differences in CLM parasitism by A. citricola (F = 4.44; df = 6, 123; P = 0.0004) and native hymenopterans (F = 5.12; df = 6, 123; P = 0.0001) were detected when the sampled regions were compared (Table 3 ). The parasitism rate by A. citricola was lower in the Barretos (northern) than in the other regions (Barretos ´ other regions: F = 19.29; df = 1, 128; P < 0.0001). In other regions, CLM parasitism rates by introduced parasitoids did not differ (Bauru ´ Botucatu ´ Casa Branca ´ Franca ´ Lins ´ São Carlos: F = 1.34; df = 5, 112; P = 0.25). The parasitism by native species was significantly higher in Franca (northeast) with 9.4 ± 2.3% (Franca ´ other regions: F = 25.45; df = 1, 128; P < 0.001). In all other regions, the parasitism rates by native species were lower (< 5%) (Table 3 ) and similar among them (Barretos ´ Bauru ´ Botucatu ´ Casa Branca ´ Lins ´ São Carlos: F = 1.31; df = 5, 103; P = 0.27).
CLM parasitism by A. citricola was similar between seasons (Table  3 ). The estimated rates were 60.0 ± 4.2% in summer, 43.8 ± 5.3% in spring, 43.0 ± 7.8% in winter, and 54.4 ± 13.5% in fall. The largest samples were collected during spring and summer (n = 45 and 60, respectively), most likely due to the greater availability of new citrus flush, resulting in higher numbers of hosts. The occurrence of native CLM parasitoids was low during all seasons, approximately 4.0%, and did not differ among the seasons (F = 1.20; df = 3, 126; P = 0.31) ( Table 3) . The increased use of insecticides in citrus groves, after 2004, when HLB was reported, did not reduce the level of CLM parasitism in Bauru, Botucatu, Casa Branca, Franca, Lins, and São Carlos (Table 4) .
Discussion
A shift from the native ectoparasitoids of CLM to the introduced endoparasitoid A. citricola was observed in São Paulo. Before this insect was introduced in Brazil, the niche was temporarily occupied by eulophid insects, particularly G. fausta and Cirrospilus sp., and less frequently by Elasmus and Horismenus. However, A. citricola has prevailed in São Paulo since 2001. The G. fausta occurrence, before the introduction of A. citricola, was reduced from 98% to 38%, and 60% parasitism was found for the introduced parasitoid (Sá et al. 2000) . The replacement of CLM native parasitoids by A. citricola also occurred in Florida (USA) after its introduction in 1994. In Florida, A. citricola parasitism rates increased from 2% to 86%, and the parasitism rates by native species decreased from 30% to 2% (Pomerinke & Stansly. 1998 ).
The CLM parasitized by A. citricola in C. sinensis groves in São Paulo State was stable from 2001 to 2006 (excluding 2002) , ranging from 55% to 65%. The contribution of native eulophid insects (G. fausta and Cirrospilus sp.) was low, with a parasitism rate of 4.0%. After the introduction of A. citricola, the parasitism rate of this introduced species was estimated to exceed 30% in the southern and central regions of São Paulo (Chagas et al. 2002) . In fact, the parasitism rate reached 76%, even in areas with pesticide application (Parra et al. 2004 ).
The smallest CLM parasitism rate by A. citricola was recorded in Barretos, a northern region of São Paulo, where high temperatures and low relative humidity prevail throughout the year. Thus, the climate may have exerted a negative effect on the introduced parasitoid. Chagas et al. (2002) reported an average parasitism rate of only 4.4% (varying from 0 to 14%) for the same region, and it was suggested that this was most likely due to the high humidity requirements of A. citricola adults (Edwards & Hoy 1998) . Thus, the less favorable northern climate did not hinder the establishment of the insect but may have limited its efficiency. According to the Köppen classification, the weather on the São Paulo plateau (north of São Paulo State) is Aw and Cw, with little or no rainfall in fall and winter. The annual precipitation ranges from 1,500 mm to 2,000 mm, in spring and summer. Additionally, the average temperatures in the north region are higher than those in the south region.
The increased incidence of citrus canker in São Paulo observed in 1999 was associated with the introduction of CLM in Brazil in 1996 (Belasque Jr. et al. 2010) . A connection between insect damage and disease was later described and characterized by Chagas et al. (2001) and Jesus Jr. et al. (2006) . It is assumed that the CLM introduction effectively completed the pathosystem, causing changes in the epidemiology and spatial distribution of citrus canker. During the decade 2000, the incidence of the disease dropped considerably (Belasque Jr. et al. 2010) . While CLM contributed to the increased incidence of citrus canker, the parasitoid A. citricola was of paramount importance for (indirectly) reducing the disease during that decade.
The increased use of insecticides in citrus after the identification of HLB in Brazil (Neves et al. 2010 ) in 2004 did not seem to affect negatively the parasitism of CLM by A. citricola. The A. citricola parasitism rates were similar before and after HLB. CLM is abundant in São Paulo citrus groves and may occur when flush is available. The similar presence of A. citricola throughout the year indicates that flush is available for CLM and, consequently, for its parasitoids. Thus, an adequate availability of CLM hosts may lead to higher A. citricola parasitism rates (Jahnke et al. 2006) . Parasitism of early stages of CLM by A. citricola, i.e., of eggs and 1st instars (Edwards & Hoy 1998) , may allow this parasitoid to occupy the niche before the native parasitoids, which parasitize only the final stages of the insect cycle (Foelkel et al. 2008) . No studies regarding CLM parasitoid competition in Brazil have been reported. It remains unknown whether larvae parasitized by the specialist A. citricola may also be parasitized by generalist eulophids or if eulophids are able to recognize and avoid an already-parasitized host. Lioni & Cividanes (2004) previously reported hyperparasitism of A. citricola pupae by G. fausta. Additionally, the predation of CLM larvae by feeding C. neotropicus adults has been shown in the laboratory, contributing to increased mortality (Foelkel et al. 2008) .
The G. fausta eulophid is a koinobiont ectoparasitoid. This is an unusual combination because the female does not paralyze or kill the host at oviposition, increasing the risk of mortality of the offspring (Llácer et al. 2005) . This behavior can reduce the number of hosts killed by G. fausta, although it typically parasitizes the pupa. The native host of G. fausta is unknown. However, it was found very soon after P. citrella was introduced in America (LaSalle & Peña 1997) .
The highest parasitism rate by native Hymenoptera was recorded in the northeastern region of São Paulo State (Franca). In this region, there are large areas of coffee cultivation, and citrus production was initiated recently. One of the Eulophidae species that occurs on the coffee leafminer, Leucoptera coffeella (Lepidoptera: Lyonetiidae), is C. neotropicus (Melo et al. 2007) , which also occurs on P. citrella (Jahnke et al. 2005 (Jahnke et al. , 2007 Foelkel et al. 2008) . However, G. fausta, which has not been reported to occur on L. coffeella, was the predominant species found in orange groves in the northeastern region. Therefore, the high parasitism rate by native species in this region does seem to be related not to the coffee cultivation but to the initial citrus groves.
The higher occurrence of native parasitoids may be related to the groves' age. In 2 samples from a 1-yr-old orange grove collected in Jan 2003 in São Carlos, the parasitism rates by G. fausta and A. citricola were 22% and 17%, respectively. In a 10-yr-old grove, at the same location and date, only parasitism by A. citricola was observed, 88.0%. This finding suggests that generalist parasitoids parasitize the first CLM infestations in young plants. As the orange trees grow, however, generalist parasitoids are replaced by A. citricola, the more competitive species.
The CLM mortality caused by arthropod predators is significant, and in some regions these predators are more important than parasitoids (Amalin et al. 2002; Xiao et al. 2007 ). Native biological control agents, predators, and generalist parasitoids should be evaluated, and possibly the introduction of specialist parasitoids should be avoided, even for exotic insect pests (Michaud 2002) . In Brazil, native natural predators and parasitoids have not been adequately studied. Particularly in São Paulo, the role of predators and the efficiency of native parasitoids were limited. Lioni & Cividanes (2004) found that the key factors influencing CLM mortality were A. citricola parasitism and predation in 3rd instars. Thus, A. citricola parasitism (estimated to be between 55% and 65%) and the additional contribution of the native parasitoid species have helped control CLM, even in highly disturbed agricultural environments with intense insecticide use and other chemical inputs, indicating that the natural biological control (conservation) is not always disrupted by chemical control. 
